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PEER-REVIEWED MOLECULAR MODELING
Calculationof single chain cellulose  
elasticity using fully atomistic modeling  
XIAWA WU, ROBERT J. MOON, AND ASHLIE MARTINI
ABSTRACT: Cellulose nanocrystals, a potential base material for green nanocomposites, are ordered bundles of 
cellulose chains. The properties of these chains have been studied for many years using atomic-scale modeling. 
However, model predictions are difficult to interpret because of the significant dependence of predicted properties 
on model details. The goal of this study is to begin to understand these dependencies. We focus on the investigation 
on model cellulose chains with different lengths and having both periodic and nonperiodic boundary conditions, and 
predict elasticity in the axial (chain) direction with three commonly used calculation methods. We find that chain 
length, boundary conditions, and calculation method affect the magnitude of the predicted axial modulus and the 
uncertainty associated with that value. Further, the axial modulus is affected by the degree to which the molecule is 
strained. This result is interpreted in terms of the bonded and nonbonded contributions to potential energy, with a 
focus on the breaking of hydrogen bonds during deformation. 
transition their use from an investigative method to a predictive tool useful for cellulose-based application design. 
Application: This study lays the groundwork for understanding the predictions of atomistic models and to help 
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1. Schematic of single cellulose chain repeat unit, showing the 
directionally of the 1 4 linkage and intramolecule hydrogen 
bonding (dotted lines). 
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2. Snapshots of a model cellulose chain at its equilibrium 
and strained lengths where n is the number of repeat units. 
Atoms represented as grey (carbon), red (oxygen), and white 
(hydrogen)spheres.
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3. Equilibrium unit cell length (red circles) and potential energy 
(black squares) for finite and infinite chains as functions of 
chain length. Each data point represents the average value of 10 
repeated simulations. 
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4. A representative plot of potential energy (left y-axis; 
normalized by 6202 kcal/mol) and corresponding number of 
hydrogen bonds (right y-axis; normalized by 13) as functions 
of strain. Data from a simulation of an infinite chaing with eight 
repeat units. 
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5. Comparison of three methods for calculating axial elasticity 
in large strain. Data normalized by 122 GPa. Methods 1 (blue) 
and 2 (green) yield the same result for molecules with different 
lengths and boundary conditions, while method 3 (red) predicts 
lower values. 
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6. Finite (top) and infinite (bottom) molecules at large strain; axial modulus normalized by 177 GPa (the highest value from 
calculation). The plots on the right show the raw data with a solid line indicating convergence, and left ones provide a statistical 
representation. Ten independent simulations were run for each case. 
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7. Finite (top) and infinite (bottom) molecules at small strain; axial modulus normalized by 802 GPa (the highest value from 
calculation). The plots on the right showe the raw data with a solid line indicating convergence and left ones provide a statistical 
representation. Ten independent simulations were run for each case. 
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ABOUT THE AUTHORS 
With the increasing availability and use of atomistic 
simulations to characterize organic materials, we felt 
it was important to step back and consider, for the 
very simple system of a single cellulose chain, how 
parameters that define a model affect its predictions. 
Significant work in studying cellulose using atomistic 
simulation has been conducted since the mid-1480s. 
and the models have progressed in complexity, size, 
and accuracy. However, results are typically reported 
without considering variations due to small changes
in model parameters or simply because of the statisti-
cal nature of the models themselves. Therefore, this 
work complements previous studies by providing a 
reference point and hopefully setting a precedentfor 
future research to report the subtle, yet important, 
model details that affect predictions and the uncer-
tainty in those predictions. 
The most significant challenge in this study was 
isolating individual model parameters to determine 
their effects independently. Atomistic models are ex-
tremely complex and we could only hope to make 
quantitative statements about the roles of model pa-
rameters by defining a problem simple enough that 
individual effects could be identified, yet complex 
enough to approach something experimentally mea-
surable. We chose to focus on the axial modulus of in-
dividual cellulose chains with which we could explicit-
ly control characteristics such as chain length and 
strain, and where there is complementary (albeit not 
directly comparable) experimental data available for 
cellulose nanocrystals. We were very surprised to dis-
cover just how much variation was inherent in these 
models, even when all input parameters were con-
stant. However, along with the realization that uncer-
tainty exists, came the understanding that we could 
quantify it and so take its effect into account when re-
porting atomistic predictions. The critical analyses of 
model predictions in this study are an important first 
step, and will form the basis for more comprehensive 
characterizations, including multiple force fields and 
various crystal sizes and structures. This work will 
help support future research in developing new engi-
neered nonwoven materials and composites that are 
based on cellulose nanoparticles. 
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